Background: performing minimally invasive surgery requires training and visual-spatial intelligence. the aim of our study was to examine the impact of visual-spatial perception and additional mental training on the simulated laparoscopic knot-tying task performed by surgical novices.
INTRODUCTION
Whereas the skills needed for basic laparoscopic surgical procedures, as for example laparoscopic cholecystectomies, can often be learned during surgery, advanced minimally invasive surgical interventions, such as laparoscopic antireflux plasties require skills that must be practiced beforehand to avoid prolonged surgery and increased risk for the patients. Improved training in performing complicated fine-motor movements within this operation, especially laparoscopic suturing and intracorporeal knot-tying of the Nissen wrap, is imperative and can be achieved with the use of surgical simulators (1) . Meticulous application of eye-hand coordination skills and a procedural mental "checklist" of the sequence of surgical steps are essential in performing these advanced laparoscopic procedures (2) . As minimally invasive procedures are based on the use of images, surgeons have to possess complex visual-spatial skills, along with psychomotor abilities and certain personality traits. However, little is currently known about the influence of such skills on the laparoscopic training of novices. In addition, mental imagery -mental training, referred to as "visualizing" or "quasi-perceptual experience", has been shown to be associated with an effective performance enhancement (3, 4) . The systematic and repeated imaging of a movement without actually performing it has been widely researched in sport psychology and successfully applied in sports professionals (5) .
The aim of our study was to examine the impact of visual-spatial perceptual ability and additional mental practice on the surgical skills of novices in the simulated laparoscopic knot-tying task using a Nissen fundoplication model.
MATERIALS AND METHODS
A total of 40 medical students without any prior laparoscopic simulator experience underwent two sessions of laparoscopic basic training on a virtual reality (VR) simulator (SimSurgery ® , Oslo, Norway) scheduled with a one week interval. The proportion of males and females was equally distributed in both groups. All students completed the spatial section of a standard intelligence test (cube test section of the I-S-T 2000 R) to evaluate their visual-spatial ability.
The main task assessed in the present study was to tie intracorporeal knots of the virtual laparoscopic Nissen wrap.
Simulator and training modules
The students participating in this study underwent laparoscopic training on the SEP system (SimSurgery Education Platform 2.2.1, SimSurgery ® , Oslo, Norway). The described VR simulator consists of a PC with a flat screen monitor and two laparoscopic instruments. The training covered three different exercises that are part of the module "Laparoscopic Basic". Prior to the start of training, each participant received standardized information on the use of the laparoscopic simulator, as well as a handout with a description of each exercise. Each student thus had the same background knowledge before starting the training sessions.
Both training sessions began with two exercises on the VR simulator "to warm up" the participants by performing grasping movements ("Traverse Tube") and bimanual tissue manipulation ("Place Arrow"). The students then had to complete the third task: "Realistic Surgeons' Knot". The aim of this exercise was to tie intracorporeal knots with the help of two laparoscopic needle holders on the simulated laparoscopic Nissen fundoplication (fundic wrap) ( Fig. 1) . The knot to be completed by the participants consisted of two separate knots, whereby the second knot had to be tied in reverse. The simulator indicated the collision of the two needle holders by lighting up of the instruments (red). The purpose of this exercise was to avoid a collision of the needle holders.
The variables time [s] and tip trajectory (total path length of the instrument tip trajectory) [cm] as well as time of the instrument collision [s] were used to assess the performance during the first and the second training session of the laparoscopic knot-tying task.
Cube test section of the I-S-T 2000 R
The cube test used in this study is a part of the "Intelligence-Structure-Test 2000 R" (I-S-T 2000 R) (6) . The aim of this test is to decide for a given view of a cube (three faces are visible) into which of five target cubes (a-e) it could be rotated. 20 such cube rotations and decisions could be made. The test score is the number of cubes that have been correctly assigned within a period of nine minutes.
The basic module of the I-S-T 2000 R consists of nine subgroups comprising twenty items each. The purpose of this test is to measure the five primary factors of intelligence together with the second order factors fluid and crystallized intelligence. Fluid intelligence refers to deductive reasoning ability, whereas crystallized intelligence represents knowledge without the influence of deductive reasoning. The following three subgroups define fluid intelligence: verbal, numeric and figural intelligence.
We used the cube test (Task 08, B) to measure figural intelligence. The cube test assesses the ability to handle figural-pictorial material. Thus, we used the cube test to quickly and reliably measure fluid visual-spatial ability.
Study design
A general questionnaire with items on demographic data was completed by all participants at the beginning of the first training session.
The participants performed the main task "Realistic Surgeons' Knot" five times in both training sessions after having watched the demonstration video once. The first attempt at this task was designed to give the participants the possibility to warm up and was therefore not part of the statistical evaluation. The remaining four knots were used to calculate the mean of the three variables (time, tip trajectory and time of the instrument collision) for each block of the study.
All participants were randomly assigned to two groups. The experimental group completed additional mental training -mental imagery during the interval between the two training sessions, using a video of the surgical procedure (demonstration video) and a checklist of the simulated laparoscopic knot-tying task. The control group did not receive any instruction in mental performance. At the end of the first training block of the study in which measurements were taken, the students of the mental training group were informed how to practice. They received a handout ("mental training -mental imagery") and a CD-ROM containing the demonstration video ("Realistic Surgeons' Knot"). The handout explained the procedure of the knot-tying task with the help of a checklist, and how to perform the mental training. The handout further emphasized that the students had to practice on at least four different days, and not less than three minutes per session. The participants were further asked to provide information on how many knots they had performed mentally.
In the second training session, all students carried out the same three tasks as in the first training session. The first attempt of the main task was -again -not used for assessment. At the end of the second training session, both groups filled in another questionnaire and completed the cube test. The students of the control group were asked, if they had done any type of mental training on their own initiative. All participants had to answer how often they had thought about the experiment, if at all, and weather they had done anything akin to mental laparoscopy and/or knot tying. This information was rated on a scale from 0 (not at all) to 5 (very often). Both groups estimated their subjective improvement in the second training session as compared to the first one. Finally, all participants received feedback ("debriefing") on their performance in the study.
Statistics
Data are presented as mean (s.d.) or median, as appropriate. Differences in means between subgroups were com-pared using the Mann-Whitney U test or the independent samples t-test. The strength of relationship between the laparoscopic performance and the general parameters and visual-spatial ability was assessed using the Spearman's rank correlation coefficient. Differences in laparoscopic performance between the first and the second training session were analyzed using the paired t-test. Two multivariable linear regression models were fitted to assess the relationship between demographic variables as well as visual-spatial ability and a) the average time needed to tie a knot in the first training session and b) the average path length of the instrument tip trajectory to tie a knot in the first training session.
All p values were generated using 2-sided tests. For the primary hypotheses of differences between mental practice group and control group regarding the mean differences in time and tip trajectory between first and second session the global significance level was set at 5 % and a Bonferroni correction was used to adjust for these two tests. A difference was seen to be statistically significant if p < 0.025. The further analyses were regarded as explorative, and the p values of the corresponding tests are presented for descriptive reasons only. The results of these tests can therefore not be considered as significant at any level.
Data were analyzed with the use of the statistics program SPSS (SPSS ® , version 15.0, Chicago, IL, USA). 
RESULTS
The Spearman rank correlation between the average time needed to tie a knot in the first training session and the tip trajectory (r = 0.761; p < 0.001), as well as the time of collision (r = 0.698; p < 0.001) in the first block of the study was used to validate the main variables. The described positive correlations showed that participants who performed the exercises faster had a better economy of motions and shorter instrument collision times.
All participants achieved an improvement from the first to the second training session both in time (t = 9.861; df = 39; p < 0.001) and tip trajectory (t = 6.833; df = 39; p < 0.001) ( Table 1 ).
There were no differences between males and females with regard to the improvement of laparoscopic skills between the two blocks of the study in time (U = 187,5; p = 0.735) and tip trajectory (U = 195; p = 0.892). Furthermore, no differences were found between males (mean = 13.1) and females (mean = 11.7) in the cube test (t = -1.107; df = 38; p = 0.275).
Strong correlations between the results of the cube test and performance in the simulated laparoscopic knot-tying task were determined: high scores on the visual-spatial test correlated with a faster performance (r = -0.557; p < 0.001) ( Fig. 2a ). Tip trajectory also cor-related with the cube test (r = -0.377; p = 0.016) ( Fig. 2b ). However, no correlation was found between laparoscopic performance (average time to form a knot in the first training session) and previous experience with video games (r = 0.013; p = 0.939).
There was a positive correlation between the improvement of the performance after the first block perceived by the participants and the actual objective improvement of the performance regarding the variables time (r = 0.364; p = 0.021) and tip trajectory (r = 0.407; p = 0.009).
In determining factors associated with the average time needed to tie a knot in the first training session, the score obtained on the cube test was identified to be related to the independent variable (b = -0.348; p = 0.042). In addition, the score achieved on the cube test was also associated with the average path length of the instrument tip trajectory to tie a knot in the first block of the study (b = -0.382; p = 0.026). All other dependent variables included in the multivariable regression models such as age, gender, former assistance in laparoscopic operations, and the subjective ability to tie a knot in the operating room were neither associated with time nor with the tip trajectory. They were not related to the performance on the simulated laparoscopic knot-tying task using the Nissen fundoplication model. Fig. 2a . The scores on the cube test plotted against the average time taken for a knot in the second trainings session (knots no. 7 -10).
Higher scores in the cube test correlates with shorter times. Fig. 2b . The scores on the cube test plotted against the average tip trajectory for a knot in the second trainings session (knots no. 7 -10). Higher scores in the cube test correlates with efficient short trajectories.
Mental training -mental imagery
Demographic data of the two randomized groups are shown in Table 2 . Laparoscopic skills at the beginning of the study were equally distributed between groups (Table 3) . There was no difference regarding the score achieved on the cube test between the mental practice group (mean = 12.1) and the control group (mean = 12.7) (t = 0.468; df = 38; p = 0.642).
The participants of the mental practice group practiced on average 19.9 ± 15.0 (mean ± standard deviation [s.d.]) knots. After the second training session, the students of the mental practice group were also questioned on the effectiveness of the mental training. They were asked to specify its minimum effectiveness (in percent) compared to the practical training on the VR simulator that would convince them to continue the mental training on their own. The mean effectiveness was 61 ± 15.2 %.
During the interval between the two blocks of the study, the control group did not give a great deal of thought to the experiment, laparoscopy and the knottying, and therefore they did not practice any kind of mental training on their own.
Comparing the two groups with and without additional mental imagery, no differences in the parameters time (U = 180; p = 0.588), tip trajectory (t = 0.020; df = 38; p = 0.984), and time of instrument collision (U = 192; p = 0.829) were detected regarding the first and the second block of the study (Table 3 and Fig.  3a, Fig. 3b ).
Even the fastest knot (time best), the knot with the shortest tip trajectory (tip trajectory best), which represent the best economy of movement and the shortest time of collision (collision time best), did not show differences comparing the mental practice and the control group (Table 3) .
Next, we split the mental practice group in two subgroups according to spatial ability: Group A (n = 8) with a median score of > 13.0 on the cube test, and Group B (n = 12) with a median score ≤ 13. Notable differences between the subgroups concerning time (U = 20,5; p = 0.034) und tip trajectory (U = 21; p = 0.037) were found in the second block of the study. Group A required less time (90.6 ± 26.7 s) to tie a knot than Group B (123.9 ± 34.0 s). In addition, a trend to a difference between the two subgroups was observed for the mean time of instrument collision (z = -1.774; p = 0.076) in the second training session. 
DISCUSSION
Visual-spatial intelligence tested by a cube test correlated strongly with knot-tying skills in our simulated laparoscopic Nissen fundoplication model. Novices with a good ability for spatial perception were able to perform the knot-tying task faster and with more precise movements than those with poorer spatial perception ability.
Spatial ability refers to a set of separate but related cognitive functions involved in representing and processing spatial information, including visualization, spatial orientation, and speeded mental rotation or production of spatial relations. A major challenge in advanced laparoscopic procedures such as minimally invasive antireflux surgery is the need to transfer visual impressions of a two-dimensional setting on the video monitor to a three-dimensional environ-ment. Only a very small number of studies have thus far demonstrated the advantages of three-dimensional video-systems with respect to surgical performance (7, 8) . However, the technological development of these systems is not yet sufficiently advanced to permit their use in routine clinical practice.
The cube test used in the present study was shown to be ideally suited to assess the spatial perception ability. This performance test is fairly objective, which is ensured by precise instructions on how to accomplish the test, consistent test material, and identical conditions for all participants during the test performance. The reliability of the entire test is r = 0.96 (Cronbach's alpha) and the special reliability for the cube test section is r = 0.80 (Cronbach's alpha). Factorial validity and criterion validity can be considered to be given (6) .
The results of a study by Schueneman et al. (9) identified surgeons' scores on complex visual spatial organization to be a more reliable predictor of operative skills than either psychomotor ability or personality factors. In more recent studies, a variety of spatial tests have been shown to predict learning of laparoscopic surgical skills, supporting the hypothesis that spatial cognition contributes to operative expertise (10, 11) .
Interestingly, Keehner et al. found the correlation between spatial ability and skills to be limited to less experienced subjects -it was absent in experienced surgeons (12) . The authors concluded that the importance of spatial ability in the performance of laparoscopic skills may diminish with experience. However, it may just be that experience provides venues to compensate rather perfectly for inferior general spatial ability. In a similar study, Wanzel et al. pointed out that for novices visual-spatial ability was associated with skilled performance in a spatially complex surgical procedure (13) . Advanced trainees and experts did not reach higher scores on visual-spatial tests in their study. The authors suggested that practice and surgical experience might supplant the influence of visual-spatial ability over time (13) .
Given the limitation of the present study that only novices were examined, the high impact of visualspatial results on the simulated laparoscopic knottying as a novel and unfamiliar task with a dependence on high-level attentional resources may have become increasingly automated and proceduralized with practice, thus leading to a reduction in cognitive load. The potential of transferring the skills of our simulated VR model to the operating room is assumed to be high: even prior to the landmark study of Seymour et al. it was widely assumed that the use of VR surgical simulation to reach specific target criteria significantly improves operating room performance during laparoscopic procedures (14) . This hypothesis is further supported by the data of Korndorffer et al. who suggested that training to a predetermined expert level on a video-trainer suture model provides trainees with skills that translate into improved operative performance (15) .
In a study by Hassan et al. the correlation between visual-spatial perception and laparoscopic skills on virtual reality laparoscopy simulator was investi-gated (16) . The participants underwent laparoscopic training that comprised coordination, cutting and clip application. Performance -as in our study -clearly correlated with visual-spatial ability.
Additional mental imagery practice induced in novices did not influence the overall laparoscopic performance in our simulated knot-tying task, but may be more suitable for advanced trainees. Mental imagery resembles perceptual experience but occurs in the absence of the respective external stimuli. It is also generally understood to bear intentionality, and thereby to function as a form of mental representation. Operating with the "mind's eye" in order to rehearse a surgical procedure after initial physical practice has been postulated to be both a cost-effective method of training basic surgical skills and even to be statistically equivalent to additional physical practice (17) . It is frequently used by surgeons when preparing to operate, but its impact on minimally invasive skills, especially its potential additive effects on visual-spatial abilities, has not been extensively investigated so far.
Additional mental training has generally proved to be an effective way of optimizing the outcomes of further training for laparoscopic cholecystectomy and was associated with lower costs and better results in crucial assessment scales than additional practical training (4) . It was easily applicable by our study participants, who carried it out independently. It was also strictly standardized using an additional video of the surgical procedure and a checklist of the knottying task. We are confident that any form of "mental performance" was ruled out in the control group. The fact that the difference between the two groups of novices was not statistically significant thus has to be taken seriously. It may be that the knot-tying task is still too easy to be improved by imagery training. It is anticipated that more demanding tasks (including operative strategy decision-making) could be improved by mental training. In addition, the learning effect using the VR simulator in our novices reached a plateau after several repetitions similar to the one described by Brunner et al. (18) , which might have contributed to a limited effect of additional mental practice in our setting. With regard to laparoscopic fundoplication, the teacher was shown to be the most important factor influencing the pupil's performance score, whereas the simulator-test revealed no correlation with the operative score (19) -potentially diminishing the importance of mental imagery.
We are aware that tying simulated knots differs in many subtle ways from an actual surgery, however, the difficulty and complexity of the task is quite similar to generalize some of the conclusions from our data.
Further studies are required to determine whether experienced laparoscopic surgeons might benefit from mental imagery to improve their surgical skills beyond basic abilities. The findings of studies performed in the fields of sports and motor performance are in support of the concept of combined physical practice with mental imagery as a highly efficient method designed to achieve improved results.
